Intra-abdominal hypertension (IAH) is associated with high morbidity and mortality. IAH leads to intra-abdominal tissue damage and causes dysfunction in distal organs such as the brain. The effect of a combined injury due to IAH and traumatic brain injury (TBI) on the integrity of the blood-brain barrier (BBB) has not been investigated.
Basic Fibroblast Growth Factor (bFGF) Protects the Blood-Brain Barrier by Binding of FGFR1 and Activating the ERK Signaling Pathway After Intra-Abdominal Hypertension and Traumatic Brain Injury ABCE 1,2 Peng Chen C 1 Hao Tang E 2 Qingtao Zhang C 2 Lei Xu F 2 Wei Zhou D 2 Xi Hu DEG 2 Yongbing Deng AG 1 Lianyang Zhang Background Intra-abdominal hypertension (IAH) refers to continuous or repeated intra-abdominal pressure (IAP) ³12 mmHg [1] . IAH often occurs in trauma patients with severe abdominal damage and can also occur in patients with significant edema of the abdominal organs after a large amount of fluid resuscitation. IAH has been shown to have adverse effects on many organs, such as the brain, heart, lungs, kidneys, and gastrointestinal tract [2] . Due to the complex relationship between the abdomen and brain, treatment for pathological changes of a single organ will have a profound impact on distant organs, especially in multiple-trauma patients with IAH and traumatic brain injury (TBI).
Increased acute IAP leads to increased intracranial pressure (ICP) and decreased cerebral perfusion pressure (CPP); an acute increase in IAP during laparoscopic surgery can even lead to increased ICP [3, 4] . However, the specific mechanism is unclear and may be due to the transmission of abdominal pressure to the chest cavity, leading to jugular venous return disorder, resulting in congestion of the cerebral venous system and brain swelling [5, 6] . During IAH, cytokines such as interleukin-1b (IL-1b) and tumor necrosis factor-a (TNF-a) are released, resulting in blood-brain barrier (BBB) injury, increased capillary permeability in brain, and increased extracellular fluid, causing cerebral white matter edema, and, finally, increased intracranial pressure [7] [8] [9] .
Previous studies have confirmed that local ischemia after TBI leads to an inflammatory reaction, and vascular endothelial cells automatically adjust to the dysfunction, leading to destruction of BBB permeability and integrity [10] [11] [12] [13] . Furthermore, basic fibroblast growth factor (bFGF) can increase the tight protein expression of BBB endothelial cells (ZO-1 and occludin) to maintain vascular integrity, improve BBB function, activate the PI3K-Akt signaling pathway after TBI, reduce RhoA activity, improve neurological deficits, and maintain BBB integrity [14, 15] .
In clinical practice, refractory intracranial hypertension, when combined with IAH, is a difficult problem for TBI patients. It is currently mainly treated by decompressive craniectomy and open decompression [6, 16, 17] , but the mechanism responsible for increased intracranial pressure caused by IAH combined with TBI has rarely been studied. Our study used an innovative model of IAH combined with TBI to simulate IAH after fluid resuscitation following TBI combined with shock, to observe changes in BBB and to characterize the effect of IAH combined with TBI on intracranial pressure, as well as to explore its underlying mechanism.
Material and Methods

Animals
Male and female Sprague-Dawley (SD) rats, weighing approximately 220-240 g, were purchased from the Animal Center of Daping Hospital. The animals were randomly divided into experimental and control groups. The researchers were blinded to the treatment information. The rats were housed in animal quarters with a 12-h light/dark cycle, and the temperature (22±1°C) and humidity (60-65%) were controlled. The animal procedures were approved by the Institutional Animal Care and Use Committee of the Army Medical University.
Pharmacological treatments
Animals were randomly assigned to the following groups: the sham-operated (sham group, n=6), the IAH+TBI group (combined group, n=6), the combined+bFGF group (n=6), the combined+bFGF+PD173074 group (n=6), and the combined+bFGF+PD98059 group (n=6). Before blood was drawn, rats in the combined+bFGF group were treated with bFGF (10 μg/kg; intraperitoneal (IP) injection; RayBiotech, Peachtree Corners, GA, USA) for 2 min. The rats in the combined+bFGF+PD173074 group were treated with the FGFR1 antagonist, PD173074 (10 mg/kg; IP injection; APExBIO, Houston, TX, USA) 2 min before the administration of bFGF. The rats in the combined+bFGF+PD98059 group were administrated PD98059 (ERK antagonist; 20 mg/kg; IP injection; APExBIO) 2 min before bFGF administration.
The TBI and IAH model
The procedures to induce TBI were performed as previously reported [18, 19] . Briefly, after anesthetization with 3% sodium pentobarbital (IP injection, 30 mg/kg), the rats underwent craniotomy with the central position between the bregma and lambdoid sutures, in a stereotaxic frame. Then, the rats were placed in a pneumatic impact device (PSI, Fairfax Station, VA, USA), which was controlled electronically, and then received a unilateral cortical impact. For moderate TBI, the impact depth was set as 2.0 mm, the dwell time was set as 100 ms, and the velocity was set as 3.5 m/s. Body temperature was maintained at 37°C during the entire operation, using a heating pad. After the TBI, the ICP monitor (Codman ® ; Integra Life Sciences, Princeton, NJ, USA) was inserted into the cortex and fixed in the skin, which was then sutured. All rats were closely monitored after surgery. Sham-operated animals also underwent craniotomy, but without TBI.
A model of secondary IAH was used as previously described [20, 21] . The rats were immobilized in the supine position with the forearm in abduction at 90° to the body.
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The bilateral femoral vein was cannulated using polyethylene tubing for the infusion, and closely monitored (mercury manometer) using inferior vena cava pressure that represented the IAP. The unilateral femoral artery was cannulated for bleeding. Blood samples were taken (0.5 mL/min) within 10 min after the surgery, blood pressure was maintained at 30-40 mmHg for 1.5 h, then the reperfusion was induced by Ringer's solution (30 mL/h, using an infusion pump). After 5 min, nitrogen was peritoneally injected until the IAP reached 12 mmHg.
Examination of the brain water content (BWC)
The whole brain of the rat was first weighed to assess wet weight, and then it was dried for 3 days at 80°C to assess the dry weight. The BWC was then determined using the following equation: wet/dry ratio=[(wet weight-dry weight)/wet weight]×100%.
BBB permeability detection
To determine the changes in BBB permeability, we used an extravasation method with Evans Blue (EB) [21, 22] . Briefly, Evans Blue tetra sodium salt from APExBIO (Houston TX, USA; 2%, 4 mL/kg) was first injected (>2 min time of injection) into the left femoral vein, and then we waited for 60 min to allow the dye to circulate before the animal was sacrificed under anesthesia. After removal, the brains were soaked in 3 mL of 50% trichloroacetic acid, then homogenized with a sonicator. The homogenate was centrifuged at 10 000 rpm for 30 min, then the resulting supernatants were spectrophotometrically quantified at 620 nm to detect Evans Blue dye extravasation.
Immunofluorescence staining
The brain tissue was post-fixed (4% paraformaldehyde for 72 h), dehydrated, embedded in paraffin, and sectioned at 4-μm thickness. The sections were dried at 40°C, followed by deparaffinization and rehydration using a series of ethanol solutions. The hematoxylin and eosin (H&E) staining was performed according to the manufacture's protocol.
For in vivo protein evaluation, paraffin-embedded sections were deparaffinized and rehydrated as described above. Immunofluorescence staining was performed as previously described [13, 23] . The primary antibodies used in the present study were against claudin-5 (1: 200; Genetex, Irvine, CA, USA), ZO-1 (1: 100; Novus Biological, Centennial, CO, USA), occludin (1: 200; Abcam, Cambridge, MA, USA), or b-catenin (1: 100, CST, Danvers, MA, USA), followed by incubation with goat anti-rabbit or goat anti-mouse secondary fluorescein isothiocyanate-labeled antibody (1: 500; ZhongShan Golden Bridge Bio-technology, Beijing, China). Cellular nuclei were counterstained with Hoechst 33258 (Beyotime-Bio, Shanghai, China).
The samples were imaged under ×200 magnification with a Zeiss Imager A2 (Zeiss, Jena, Germany).
Isolation of brain microvascular endothelial cells (BMECs)
Brain microvascular endothelial cells were isolated from rat brains using a previously described method [24, 25] with some modifications. Briefly, the rats were euthanized by decapitation, and the brains were immediately removed and cleared of meninges and superficial large blood vessels, and then the brain tissues were homogenized. The tissues were digested by papain (10 mL of 2 mg/mL solution) and DNAse (1 mL of 10 mg/ml), and placed in a 37°C CO 2 incubator for 70 min. The tissues were collected after filtering with a 74-μm filter. After centrifugation (1000 rpm for 5 min), the pellets isolated from the brain microvascular and endothelial cells were collected and used in subsequent tests.
Western blot assay
The isolated BMECs were extracted with buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, and 0.1% SDS supplemented with a cocktail of protease inhibitors (Roche, Basel, Switzerland). Equal amounts of protein were separated on 10% SDS-PAGE followed by transfer to a 0.45-μm polyvinylidene fluoride membrane (Millipore, Burlington, MA, USA). The membranes were blocked with 5% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA) in PBS (pH 7.2) at 4°C overnight, then incubated with primary antibodies (claudin-5, ZO-1, occludin, b-catenin, MMP9, MMP12, IL-1b, or TNF-a). The membranes were then incubated with secondary horseradish peroxidase-conjugated antibodies (ZhongShan Golden Bridge Bio-technology, Beijing, China) for 1 h at 37°C at a 1: 1000-1: 2000 dilution. After repeated washings, the protein expression was visualized using enhanced chemiluminescence (Tannon-5200, Shanghai, China). Quantification was assessed by densitometry with ultraviolet spectrophotometry (TU-1900; Beijing, China).
RT-PCR
Total RNA was extracted from BMECs using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. After DNase treatment, RNA was reverse transcribed using the ReverTra AceH kit (Toyobo, Osaka, Japan) according to the manufacturer's instructions. The cDNA was subjected to real-time PCR using an Applied Biosystems 7500 PCR System (Applied Biosystems, Foster City, CA, USA). The primer sequences and expected sizes of the PCR products are listed in Table 1 . The expression levels for each gene of interest were normalized to their corresponding b-actin values. The reactions were run in triplicate.
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Statistics
The data are reported as the mean±standard deviation (SD). SPSS statistical software for Windows, version 22.0 (SPSS, Chicago, IL, USA) was used for statistical analyses. Differences between the groups were determined by one-way analysis of variance (ANOVA) or Student's t-test. A value of p<0.05 was considered statistically significant.
Results
IAH combined with TBI leads to increased intracranial pressure and cerebral edema in a rat model, which may be related to the destruction of the BBB.
In our study, we constructed an animal model of secondary IAH combined with TBI by the innovative use of hemorrhage reperfusion and a controlled cortical impact technique ( Figure 1A, 1B ). The intracranial pressure increased after combined injury in rats, increasing significantly at 2 h after injury and exceeding the normal value of intracranial pressure at 4 h, indicating intracranial hypertension ( Figure 1C ). Further observations showed that a longer animal injury time (4 h) was associated with cerebral cortex subarachnoid hemorrhage, brain contusion, laceration, and cerebral edema ( Figure 1D ). In the experimental animals, the water content of brain tissues was significantly higher than that of the control group ( Figure 1F ). The permeability of the brain barrier evaluated by comparing the EB osmolality showed that the BBB permeability of the model animals increased, suggesting that the barrier function was destroyed ( Figure 1E, 1G ). We hypothesize that this may have disrupted the BBB, causing vasogenic edema and finally increasing the intracranial pressure. After construction of the IAH model, combined with TBI, the animal respiration and heart rates were affected, and most animals died within 6 h.
Changes in p-FGFR1 and p-ERK expressions in the brain microvascular endothelial cells of the BBB
To identify the cause of BBB destruction, we used immunofluorescence staining to show that in the model of IAH combined with TBI, the expression of p-FGFR1 was downregulated and p-ERK was upregulated ( Figure 2A ). Western blotting of the BMECs extracted from the BBB further indicated decreased expression of p-FGFR1 and increased expression of p-ERK, but the expressions of FGFR1 and ERK proteins were unchanged ( Figure 2B , 2C). The expressions of p-FGFR1 and p-ERK were increased by bFGF, and p-FGFR1 and p-ERK expressions were inhibited after the use of the corresponding blockers ( Figure 2B -2D).
FGFR1 enhancer bFGF reduces BBB permeability, brain edema, and intracranial pressure After intraperitoneal injection of the FGFR1 ligand, bFGF, the permeabilities of the EB dye were reduced in the rats. However, after the injection of the FGFR1 and ERK blockers, the protective effect of bFGF was weakened, showing significantly increased EB permeability compared with the combined+bFGF group ( Figure 3A, 3B) . In a similar manner, monitoring of the brain tissue water content and intracranial pressure indicated that bFGF reduced edema caused by combined injury and reduced intracranial pressure. However, after treatment with the FGFR1 or the ERK blocker, the protective effects of bFGF were significantly weakened ( Figure 3C, 3D) .
Immunofluorescence of tissue sections shows that bFGF increased the expression of tight junction (TJ) and adhesion junction (AJ) proteins, while FGFR1 and ERK blockers decreased the protective role of bFGF H&E staining of injured brain tissues showed that subarachnoid hemorrhage and cortical contusion were present after combined injury, microvascular endothelial cells were swollen, gaps increased, and edema around nerve cells was present. The above damage was all ameliorated by bFGF treatment, and the use of PD173074 and PD98059 blockers reversed the protective effects of bFGF ( Figure 4A ). In a similar manner, TJ and AJ protein expressions were observed to reflect the integrity of the BBB; the expression levels of ZO1, occludin, claudin-5, and b-catenin were significantly decreased after combined injury, while bFGF increased the expressions of TJ and AJ proteins. Similarly, the FGFR1 and ERK blockers reversed the protective effect of bFGF ( Figure 4B-4E ).
Gene
Sense primer Antisense primer Western blotting and PCR data confirmed that bFGF enhanced the expression of TJ and AJ proteins and genes in BMECs, and decreased matrix metalloproteinase (MMP) and IL-1b levels, but had no obvious effect on TNF-a, while FGFR1 and ERK blockers inhibited the protective effect of bFGF It was possible that bFGF might protect the integrity of the BBB after the combined injury by increased expressions of TJ and AJ proteins. We therefore collected BMECs that constituted the main structure of the BBB, and reconfirmed the decreased expressions of AJ and TJ proteins after combined injury, using Western blotting ( Figure 5A-5E ). The PCR showed that the AJ and TJ genes had decreased expressions after combined injury, bFGF upregulated the expression of related genes, and PD17073 and PD9058 blockers reduced the gene expressions of TJs and AJs, resulting in the disappearance of the protective effect of bFGF ( Figure 6A-6D ).
The level of MMP (MMP9, MMP12) increased after combined injury, the administration of bFGF decreased the levels of MMP protein, and FGFR1 and ERK blockers reversed the protective effect ( Figure 5A, 5F, 5G) .
The results showed that the inflammatory cytokines IL-1b and TNF-a were significantly increased in the combined group and that the administration of bFGF was able to reduce IL-1b levels, but had no obvious effect on TNF-a. The protective effect of bFGF was prevented by pretreatment with the FGFR1 antagonist PD173074 or the ERK antagonist PD98059 ( Figure 5A, 5H, 5I ).
Discussion
IAH is a pressure higher than 12 mmHg, and is currently defined as a sustained or recurrent pathological increase in intra-abdominal pressure [1] . IAH usually occurs after abdominal trauma (primary IAH) or a large amount of fluid resuscitation (secondary IAH). Epidemiological studies have shown that the incidence of IAH can exceed 50% in multicenter surgical intensive care units [26] . IAH not only adversely affects the abdominal organs, but also adversely affects distant organs, and the adverse effects are "dose-related," indicating that the higher the abdominal pressure, the more serious the damage to distant organs. In the abdominal, thoracic, and cranial cavities, the 3 cavities interact with each other, and the increased intra-abdominal pressure causes an increase in intracranial pressure [6, 27] . The factors involved in IAH causing ICP elevation are as follows: (1) IAH causes increased intrathoracic pressure, resulting in decreased cerebral venous return, venous congestion, and cerebral edema; increases in intrathoracic pressure lead to decreased venous return, decreases in cardiac output, and decreases in cerebral perfusion pressure, causing cerebral ischemia [28] . (2) Increased intra-abdominal pressure leads to decreased absorption of cerebrospinal fluid in the lumbar cistern and spinal nerve dura mater, resulting in blocked cerebrospinal fluid circulation and increases in intracranial pressure [29] .
(3) Cerebral venous congestion leads to high venous pressure and its hemodynamic changes, and inflammatory factor release causes BBB destruction, which can result in cerebral edema, increased ICP, and aggravated neurological dysfunction [6, 30] .
In animal models and clinical studies, the mechanism responsible for destruction of the BBB after IAH leading to cerebral edema and increased intracranial pressure has been rarely reported. In our study, we constructed a rat model of IAH combined with TBI to evaluate the effect of IAH and TBI combined injury on the BBB. Because of anatomical and physiological differences, the rat model cannot completely simulate the pathophysiological process of human IAH, but it has the characteristics of simple surgery, low cost, and good reproducibility, making it a valuable animal model [20, 21] . We used hemorrhagic shock resuscitation and peritoneal nitrogen injection to increase the IAP, so as to simulate secondary IAH due to excess fluid resuscitation, and then added TBI to simulate events occurring in clinical multipletrauma patients, to identify the mechanism of BBB destruction. In the present study, the expression of p-FGFR1 was downregulated after combined injury. FGFRs is a family of tyrosine kinase receptors and contains FGFR1 to FGFR4, which allows bFGF to bind. FGFR1-3 are mainly localized to the central nervous system [31] . It was found that FGFR1 could be the key mediator for bFGF signaling [32] . Furthermore, during cortex development in the nervous system, bFGF is important for cell proliferation and neurogenesis, and its gene regulation is in synchronization with FGFR1, which suggests their functional connection [33, 34] . We proved that administrated of bFGF increased FGFR1 phosphorylation to protect BBB, and PD173074, the specific inhibitor of FGFR1, can inhibit the protective effect of bFGF in combined injury-induced BBB. The above results suggest FGFR1 plays an important role in bFGF signaling.
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Our study results show the important role of the BBB in the pathogenesis of IAH combined with TBI, which could be a potential therapeutic target [35] . We found that the permeability of the BBB was significantly impaired after injury, while the e922009-9
expressions of TJ and AJ proteins in BMECs constituting the BBB were significantly decreased. We confirmed that bFGF reduced the exudation of the BBB and decreased the occurrence of cerebral edema. In this mechanistic study, we also found that bFGF activated endothelial cells to express p-FGFR1 and upregulated microvascular endothelial cells to express specific proteins (ZO-1, claudin-5, occludin, and b-catenin) involved in the early injury stages [36] .
MMP expression was previously found to be responsible for increased BBB permeability [37] . An increase in MMP-9 is correlated with the peri-hematoma edema and early neurological deterioration after intracerebral hemorrhage in humans, which suggests that MMP-9 is therefore closely associated with edema formation [38, 39] . MMP-12 is a dependable marker of TBI in animal models [40] . Western blotting results showed that the protein expressions of MMP9 and MMP12 were sharply increased in combined-injury BMECs. After the administration of bFGF, the levels of MMP9 and MMP12 were significantly decreased in the combined group, and the EB dye permeability test showed that BBB damage was ameliorated. These results suggest that bFGF protects the integrity of the BBB by affecting the protein levels of AJ, TJ, and MMP.
Previous studies found that the inflammatory cytokines IL-1b and TNF-a were significantly increased in IAH patients and caused further damage to brain tissue [7] . The present results showed that inflammatory cytokines IL-1b and TNF-a were significantly increased in the combined group and that the administration of bFGF was able to reduce IL-1b levels, but had no obvious effect on TNF-a.
Because we found that bFGF played a protective role, in addition to binding to FGFR1, we continued to assess the downstream signaling pathway. Our team previously found permeability and apoptosis of human brain microvascular endothelial cells (HBMECS) challenged by OGD/R was reduced by bFGF by activation of the FGFR1 and the ERK pathway [41] . In a model of traumatic brain injury, Liu et al. showed that sesamin could reduce damage to the BBB by reducing the activity of the ERK e922009-10 pathway, with anti-oxidative and anti-apoptotic effects [42] .
Here, we focused on the role of the ERK pathway and found the expression of p-ERK was upregulated after combined injury. The inhibitor PD98059 was pretreated in combination with bFGF rat model, and we found more brain water content and EB extravasation than in animals treated with bFGF. Western blotting results showed that PD98059 treatment prevented the increases of TJ and AJ the decreases of MMP and IL-1b induced by bFGF. Additionally, immunostaining results confirmed the results of Western blotting. Taken together, these results suggest that PD98059 reversed the neuroprotective effect of bFGF. In addition, our in vivo study demonstrated that bFGF ameliorated combined injury-induced BBB destruction via the ERK pathway.
Conclusions
IAH combined with TBI led to increased ICP and cerebral edema, which may be related to the destruction of the BBB. The expression of p-FGFR1 in microvascular endothelial cells that constituted the BBB was altered after combined injury. Administration of bFGF to activate p-FGFR1 significantly reduced the destruction of the BBB. The protective effect of bFGF on the BBB was associated with the levels of AJ, TJ, MMP, and IL-1b. In addition, our in vivo study showed that activation of the downstream signaling pathway component, ERK, was necessary for the protective effect of bFGF on BBB integrity. Therefore, bFGF may provide a therapeutic opportunity for recovery from the combined injury of IAH and TBI.
